The 1/m b corrections from the three parton qqg Fock state of the final state light meson in B → P P decays are evaluated by means of a collinear expansion method. The impacts of these corrections on the CP averaged branching ratios of the B → πK decays are analyzed.
I. INTRODUCTION
The QCD factorization [1, 2, 3] has been widely used to investigate the charmless hadronic B decays. For an operator O i of the weak effective Hamiltonian, the matrix element for B → M 1 M 2 decays under the QCD factorization is found to be expressible as
where T I(II) denote the parton amplitudes and Φ B , Φ M 
So far, most applications of the factorization formula Eq. proaches for processes other than hadronic decays, such as the calculation scheme for the inclusive hard scattering processes [5, 6, 7] or the method for the exclusive hard scattering processes [29, 30, 31, 32, 33] . However, a systematic Feynman-diagram approach for charmless hadronic B decays is still inaccessible. On the other hand, the effective-theory approaches for charmless hadronic B decays have been extensively investigated in recent years [34, 35, 36, 37, 38, 39] .
In this paper, a calculation scheme based on the Feynman-diagram approach for charmless hadronic B decays will be developed. We will concentrate on the construction of this calculation scheme and apply the constructed method to calculate the tree level three parton corrections. The O(α s ) three parton corrections is also desirable to understand their factorization properties. Since the related analysis is tedious, we plan to present the relevant calculations in our another preparing work [44] . The organization of this paper is as following. In Section II, the calculation scheme will be constructed. The factorization of the tree level three parton corrections into the partonic and hadronic parts will be outlined. In Section III, the analysis on how the tree level three parton corrections can be factorized into its partonic and hadronic parts will be described in detail. In Section IV, we will apply the results of the Section III to make predictions for the branching ratios of B → πK decays.
The last section devotes for discussion and conclusion.
II. COLLINEAR EXPANSION AT TREE LEVEL
In this section, we will generalize the collinear expansion method [5, 6, 7] to calculate the three parton corrections from the Fock state |qqg of the meson M 2 in the decayB → M 1 M 2 .
There exist other types of power corrections, such as the power corrections from soft gluons or renormalons. We identify these as non-partonic power corrections. For these power corrections, our proposed scheme may not be useful. However, to include these non-partonic power corrections requires further assumptions beyond the factorization. For example, the soft gluon power corrections are better determined by nonperturbative theories, such as the QCD sum rules or lattice QCD. In this work, we only investigate how the partonic (or the dynamic) power corrections can be included into the QCD factorization in a consistent way.
The collinear expansion method arises from a motivation of generalizing the leading twist factorization theorem for the hard scattering processes to include the corrections from high Fock states of the target hadrons. The original idea of the collinear expansion method was proposed by Polizer at 1980 [4] . The systematical method was developed by Ellis, Furmanski and Petronzio (EFP) in their pioneer works [5, 6] . Using the collinear expansion, the EFP group showed that, for the DIS processes, the twist-4 power suppressed corrections can be factorized into short distance and long distance parts, which are in a similar factorized form as the leading twist contributions. However, in the EFP's approach, the parton interpretation for the twist-4 corrections are lost. To recover the parton model picture, Qiu then introduced a Feynman-diagram approach [7] to re-formula the EFP's method. In this Feynman-diagram language, a parton model interpretation for the twist-4 corrections becomes trivial.
To begin with, we first express the matrix element of an operator O i of the weak effective Hamiltonian H ef f of the standard model for the hadronic decaysB → M 1 M 2 in terms of parton model amplitudes
where
denote the form factors forB → M 1 lν transition. The form factor F j are defined as
where q = P b − p and F + (q 2 ) = F 0 (q 2 ) under the limit q 2 → 0. The parton amplitudes
are defined to describe the hard scattering center involving four parton, five parton, and six parton interactions corresponding to those diagrams depicted in Fig. 1(a) -(c), respectively. Note that there are also other types of parton amplitudes involving five or six parton interactions not being presented in Fig. 1 , which can be attributed to either the physical form factors, or to be of higher twist than three. We have neglected these contributions in Eq. (3). The Tr symbol denotes the trace operation applied on the color and spin indices. For convenience, we employ the light-cone coordinate system such that P µ B = (p µ + q µ ) with two light-like vectors q µ = (q + , q − , q i ⊥ ) = (Q, 0, 0) and 
In our language, Eq. (3) contain leading, sub-leading and higher twist contributions. The Eq. (3) becomes meaningful only if the leading twist contributions can be separated from the sub-leading twist contributions. For this purpose, we employ the Qiu's Feynman-diagram collinear expansion approach [7] to expand each Feynman diagram in a twist by twist manner. As the loop corrections are considered, the twist expansion then interplays with the expansion in α s . To be specific, we choose the following expansion strategy.
1. All possible Feynman diagrams ordered in α s are first drawn. The last one is important for us to derive a meaningful perturbation theory beyond the leading twist.
For latter uses, we define the soft, collinear and hard loop parton momenta. We let the soft momentum scale as (l
, and the hard momentum scale as (l
The scale variables are defined as Q ∼ m b and λ ∼ Λ QCD . For a collinear loop parton, it is convenient to parametrize its momentum l µ into its components proportional to the meson momentum q µ , the light-cone vector n ν , and the transversal directions
where the vector n µ satisfies n · q = 1, n · l ⊥ = 0, and n 2 = 0. For convenience, we further define the collinear component,l µ , the on-shell component, l µ L , and the off-shell component,
In the above expansion of the parton momentum into different parts, we have assumed According to the parametrization in Eq. (7), a parton propagator can be separated into its long distance part and short distance part (the special propagator). If we write the loop parton propagator as [7] 
The F L (l) propagator corresponds to the long distance part of the propagator, since
propagator represents the short distance part because
. We now describe one important property of the long distance propagator F L (l). In a parton amplitude, the F L (l) may contact with a / qn µ component of a vertex γ µ . Whenever this happens, the / qn µ vertex will extract one short distance propagator F S (l) and one interaction vertex iγ ν from the relevant hadron amplitude [7] i
The momentum factor (l −l) ν is then absorbed by the hadron amplitude due to the Ward identity [7] . We now explain how the identity Eq. (11) can be obtained by a simple manipulation. We first insert an identity 1 = (/ l 2 )/l 2 into the left hand side of Eq. (11) and expresse
where the first term / l L / l S in the right hand side leads to a vanishing result as it contacts with the term i/ l L /l 2 term. The only contribution can only come from the second term / l S / l L in the right hand side of Eq. (13) . In addition, the / l L can be expanded in the terms proportional to / q, / n, / l ⊥ . This gives
By substituting the above back into Eq. (12), Eq. (11) is then obtained by noting that
Using Eq. (11), one can systematically include the effects from the non-collinearity and the off-shellness of the collinear partons. This property of the long distance part of the parton propagator plays an important role in our following analysis, and its meaning will become more clear after we have investigated real cases lately.
According to the parton model, the hadron amplitudes are defined as the probability for finding the on-shell partons inside the hadron. The parton amplitudes are then required to contain only the on-shell components of the external parton momenta. However, according to Eq. (8), either the on-shell momentum l L or the collinear momentuml can be assigned for an on-shell parton. Therefore, there arise two factorization schemes, the collinear factorization [8, 9, 10, 11, 12, 13] (QCD factorization) and the k T factorization [14, 15, 16, 17] (PQCD factorization [18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28] ). In the k T factorization scheme, an onshell parton carries a momentum l L . On the other hand, in the collinear factorization scheme, an on-shell parton carries a momentuml. In this work, we follow the QCD factorization to use the collinear factorization scheme as our basics. Our proposed collinear expansion method is composed of following steps:
1. Use scale analysis for the parton amplitudes according to the scales of parton momenta to find out the leading regions of the parton momentum configuration.
2. The parton amplitudes are expanded into a Taylor series with respect to the leading regions of parton momenta.
3. The expanded parton amplitudes are substituted back into the contraction with the hadron amplitudes to extract relevant contributions up to specific twist order.
The factorization of parton momentum integrals is accomplished by means of integral
transformations (See, for example, Eq. (24)).
5. The color structure of the parton amplitude is extracted to be attributed to the hadron amplitudes to complete the color factorization.
6. The factorization of spin indices is completed by means of Fierz transformation.
7. The property of the long distance parton propagator is used to extract higher twist contributions.
We are now ready to discuss the collinear expansion. First, we order the parton ampli-
where the superscription (0) and (1) We first expand the parton amplitudes T I(0) ij,µ with respect to the collinear components of their relevant parton momenta as
The expansion series are then substituted back into the convolution integrals with the hadron amplitudes for further analysis. The reason why one can expand the parton amplitudes with respect to the relevant collinear momenta will be explained in detail below.
A. Expansion with T I(0) ij
The expression for the contributions associated with T I(0) ij is written as
where the loop momentum l is carried by the loop parton in Fig. 1(a) . Since the parton amplitude T I(0) ij is independent of l, we propose to use the following integral identity to transform the expression into a form consistent with the parton model picture
The transformed result appears as
The following integral transformation has been used in the above to simplify the expression
where G(y, 0) denotes any function of the coordinates. Two comments for the above integral transformations Eqs. (21) and (24) are necessary. First, the momentum fraction x for the parton of the meson M 2 is introduced. Second, the quark fieldq(λn) is ordered in light-cone direction n. This implies that the hadron amplitude Φ M 2 (x) is defined on the light-cone n 2 = 0 where n µ is a null light-cone vector. By using the above integral transformations, the parton amplitude and the hadron amplitude are only related by the momentum fraction x.
Because the parton amplitude T I(0) ij is equal toΓ i δ ij , the integral over x is then associated
The factorization of spin indices depends on the structure ofΓ i . 
It is also applicable for the other parton propagator of the anti-quark line. The short distance part of the parton propagator i/ n/(2n · l) and the vertex iγ α are absorbed into the parton amplitude. This results in
There are corresponding contributions from the two gluon insertion diagrams depicted in Fig. 6 , whose expression is written as
where we have employed the light-cone gauge n · A = 0 for the gluon fields, and the parton amplitude and hadron amplitude are expressed as
Since T
ij,αβ (x 1 , x 2 , x 3 ) straightforwardly, the momentum integrations over l 1 , l 2 , l 3 can be transformed into the integrations over x 1 , x 2 , x 3 . We then
The combination of Eq. (26) and Eq. (30) gives
with
as the scale of T I(0) ij being of O(1). The relevant contributions are of higher than twist-4.
The above example is to show that, using the collinear expansion, one can calculate the tree level higher twist corrections from the dynamical partons in a systematic way. Because we only intend to calculate the twist-3 corrections, we will not further explore the contributions of twist order higher than three. For −2(S − P )(S + P ) operators,Γ i = γ 5 . Up to twist-3, the expression appears as 
where µ
/(m q +mq) withm q andmq the current quark masses and m M 2 the meson mass, we recover the naive factorization result up to twist-3 order.
B. Expansion with
We show the light-cone gauge n · A = 0 and the covariant gauge ∂ · A = 0 for the expansion with T I(0) ij,µ . Because the analysis is tedious, we outline the procedure, here, and leave the details for next section. The first step is to take a power counting for the parton amplitude T Let's, first, consider the light-cone gauge n · A = 0. The expansion series of T I(0) ij,µ (l 1 , l 2 ) with respect tol i , i = 1, 2, are written as
ijk,µν (l 1 ,l k ,l 2 ) are defined by assuming the low energy theories
The expansion series are then substituted back into the convolution integrals. Since the gauge condition n · A = 0 with a light-cone vector n µ satisfying n · q = 1, n 2 = 0, and n · l ⊥ = 0, the first term T I(0) ij,µ (l 1 ,l 2 ) leads to the result
where we have introduced w µ α = g µ α − q µ n α . Similarly, we employ the following integral identities to simplify the momentum integrations
The expression appears as
in which
In the above equations, we have used the following transformation for any function G(y, z, 0) of coordinates y µ and z
For tree diagrams, only color singlet operators can contribute at twist-3. The remaining task is to finish the factorization of spin indices. For (V − A)(V ± A) operators , the related contributions are of twist-4, which are beyond our accuracy. For −2(S −P )(S +P ) operators, the related contributions are of twist-3. To obtain the collinear limitl i → x i , i = 1, 2, for
ij,µ (x 1 , x 2 ) , we have used the following substitution for the parton propagators
This is because the vertex iγ µ in T 
The explicit expression for Eq. (45) is left to the next section.
We now consider the expansion with covariant gauge ∂ · A = 0. Since the factorizations of the momentum integrals and color indices are independent of gauge condition, we can go through to consider the factorization of spin indices. The first term in the expansion of T I(0) ij,µ (x 1 , x 2 ), under covariant gauge, is related to the gauge invariant phase factor of the related two parton amplitudes. The gluon fields
can be expanded as
where k = l 2 − l 1 being the gluon momentum and
The terms with q · An µ vanish since the covariant gauge condition ∂ · A = 0. The terms with the contraction Tr[T
2 )] are of higher twist than twist-3 and will be neglected. With the above considerations, the contraction Tr[T
to contributions of twist-2 or higher than twist-3.
We next consider the contraction Tr[T
, which can be rewritten as
Note that only transversal part d
operators, the contributions are of twist-4. For −2(S − P )(S + P ) operators, the result appears as
The reader may have noticed that the terms in the expansion series of T I(0) ij,µ (l 1 , l 2 ) in Eq. (36) are of different twist order under the covariant or the light-cone gauge. For example, the twist-3 contributions are from the the first term in the expansion series of T I(0) ij,µ (l 1 , l 2 ) under the light-cone gauge. On the other hand, under the covariant gauge, the twist-3 contributions are from the the second term in the expansion series of T I(0) ij,µ (l 1 , l 2 ). Since the parton amplitude and hadron amplitude under the collinear expansion are required to be gauge invariant, respectively, this feature of the collinear expansion method can be used as a guiding principle for calculations.
III. TWIST-3 CORRECTIONS
In this section, we make a more detail descriptions for the twist-3 contributions from the three parton Fock state qqg of the M 2 meson. The amplitude for the three parton qqg of M 2 interacting with the operator O 6 at the tree level forB → M 1 M 2 decays is written as
The l and k denote the momenta carried by the q 2 quark and g gluon fields in Fig. 3 
where the parton amplitude T
and the meson amplitude Φ µ ′ (k, l)
The tensor w µ µ′ = g µ µ′ − q µ n µ′ has been introduced. Note that, for convenience, we have made a change of variables for the loop parton momenta l = l µ 1 and k µ = (l 2 − l 1 ) µ . We assume that the emitted M 2 meson is highly energetic. As shown in last section, the dominante configuration is composed of collinear l 1 and l 2 . This allows us to expand the parton amplitude
Substituting the first term back into the convolution integrations gives
In the above collinear limit step T
, there arises an infrared divergence as x ′ → 0, which is from the denominators of virtual quark propagators
We regularize this divergence by the following method. Since the full quark propagator with momentum l ′ = l + k can be decomposed into its long distance part and short distance part
The long distance part gives vanishing result upto twist-3. The short distance part is absorbed by the parton amplitude. The divergence is then regularized by replacing the quark propagators with its corresponding special propagators [7, 40] 
The introduction of a special propagator for an on-shell fermion propagator is due to the fact that the fermion propagators in Fig. 3 (a) and 3(b) become on-shell and divergent after the collinear expansion. The divergent part of these propagators leads to long distance contributions that should be included into the twist-2 distribution amplitude for the M 2 meson. However, there are also finite contact part of these propagators, which leads to contributions of one twist higher. The more detailed explanation about the meaning of the special propagator refers to [7, 40] .
Under light-cone gauge n · A(y) = 0, it is convenient to transform the gluon fields A µ (y) into its field strength G νµ (y) by using following replacement
and
The factor in ν /(x ′ − x) is then absorbed by T
The factorization of the spin indices gives
in which other spin decompositions give higher twist contributions.
The numerators in the contraction Tr[T I(0) µν σ αβ γ 5 ] can give terms proportional to n ν n µ (q α n β − n α q β ), n ν d ⊥,µµ ′′ (q α n β − n α q β ), and n ν d ⊥,µµ ′′ ǫ ⊥,αβ . The transversal tensors d ⊥,αβ and ǫ ⊥,αβ are defined as d ⊥,αβ = q α n β + q β n α − g αβ and ǫ ⊥,αβ = ǫ αβηλ q η n λ . The trace of d ⊥,αβ is defined to be negative d are antisymmetric under µ ↔ ν, the terms proportional to n ν n µ (q α n β − n α q β ) then vanish. For those terms proportional to n ν d ⊥,µµ ′′ (q α n β − n α q β ), as they are contracted with Tr[σ αβ γ 5 Φ νµ ′ (x, x ′ )], the q α factor in n ν d ⊥,µµ ′′ (q α n β − n α q β ) results in twist-4 contributions by using the property of the long distance propagator of the quark fields. The terms proportional to n ν d ⊥,µµ ′′ ǫ ⊥,αβ lead to twist-3 contributions. The final result appears as
where the function G
Note that we have used the G-parity symmetry x ↔x ′ to simplify the above result. This assumption is valid for π mesons, but may not be appropriate for the K or η mesons.
Therefore, it is noted that, in the above result, there exist symmetry breaking effects for K and η mesons. However, we will ignore such a corrections from the symmetry breaking in the following calculations. By referring to the definition [41] M 2 |q 2 (z)σ µν γ 5 gG αβ (y)q 3 (0)|0
we can arrive at the result
By using the normalization for M 1 |q 1 (0)(1 − γ 5 )b(0)|B , it is easy to derive the tree level three parton contributions for operator O 6 as
We now explain the expansion with the covariant gauge ∂ · A = 0. We first decompose A µ (y) into its longitudinal and transversal components as
results in contributions of higher than twist-3 . The longitudinal part n · A(y)q α gives twist-3 contributions. Similar to the light-cone gauge, we need to transform the gluon fields into its field strength. Here, it needs one transversal momentum k ⊥ factor from expansion of the parton amplitude T
It is convenient to write (k −k)
ρ ′ contributes at twist-3. This is because the term ∂T
proportional to g µν and σ µν . The terms related to q · kn ν leads to twist-4 contributions.
For the transversal part k ⊥ , only σ µν terms can contribute. Let the k ρ ⊥ factor absorbed into Φ µ (l, k) and use the replacement k ν ⊥ A µ (y) → −iG νµ (y), we can derive the result
The contraction of σ µν with G νµ (x, x ′ ) gives
Note that the q 2 factor in the denominator of ∂T 
where k is the momentum of the gluon from M 2 and the equation of motions for b and q 1 quarks have been used. After taking the collinear limit, k → x ′ q, we write the expression as
where There are possibilities that the additional gluon of the M 2 meson can interact with the spectator quark of theB meson. Since the spectator quark carries a soft momentum, the momentum conservation at the interaction vertex prevents the momentum of the gluon from being collinear to the M 2 meson's momentum. Therefore, there require additional radiative gluons interacting between the other parton lines and the spectator quark line to make the momentum of the gluon to be collinear to the M 2 meson's momentum. This results in contributions of order O(α s ). We identify the relevant contributions as O(α s ) three parton corrections. As mentioned previously, we plan to discuss these contributions in other places [44] .
The total twist-3 contribution from operator O 6 is then equal to
For operator O 8 , there are similar results.
IV. APPLICATIONS
For penguin dominant B → πK decays, the relevant decay amplitudes under QCD factorization are parametrized as the following [3] 
The CP conjugation of decay amplitudes are obtained by replacing λ p → λ * p for the above amplitudes. The factorized matrix elements are defined as
The form factors are defined
The form factors coincide as q 
For λ u and λ c , we take the following convention for their parametrization
The value of λ is taken as 0.22.
By using previous input parameters, we list the values of a i , i = 1, · · · , 10, and b j , 
The tree level three parton contributions modify the parameters r
depends on the model of the three
Here we employ the model derived from the lightcone sum rule [41] T (x, x ′ ) = 360ηxx
where the parameters are assumed to be η = 0.015 and ω = −3.0 for M 2 = π, K, or η. This give us A
The branching ratio for aB → πK decay is given by this expressions
We can use the above formula to predict CP averaged branching ratios for B → πK decays.
The predictions with three parton corrections in units of 10 −6 are given as
For comparison, we also list the predictions with only two parton contributions in units of 10 −6 in the following,
For reference, we enlist the experimental data in units of 10 −6 summarized by the HFAG group [42] 
By comparing the predictions with or without the three parton corrections, one may notice that the the predicted branching ratios are significantly enhanced by about 1.65 ∼ 1.75 times in their magnitudes.
The two parton predictions for theB → πK decays made here are consistent with the findings of previous studies using QCD factorization approach [3, 43] . The two parton predictions made in [43] are much lower than the experimental data under the QCD factorization approach. Because the calculations of the three parton corrections were inaccessible in their studies, this led them to conclude that the QCD factorization is impossible to explain the penguin dominantB → πK decays. The two parton predictions made in [3] for B → πK decays are still lower than the data. Only extending the predictions by using extreme limits of input parameters can make the predictions to be consistent with the measurements. This seems not a reasonable solution from the theoretical point of view. On the other hand, as shown in the above, our approach has shown that the predictions with three parton contributions are more close to the data than the two parton predictions. Although the predictions with three parton contributions are still lower than the experimental data, the O(α s ) corrections can improve the predictions.
V. DISCUSSIONS AND CONCLUSIONS
There are similar three parton contributions having been calculated under the lightcone sum rule [45, 46] . In [45] , the twist-3 three parton contributions associated with soft gluons are calculated in the framework of light-cone sum rule. The contributions are shown negligible inB → ππ decays. In [46] , the contributions from the diagrams similar to Fig. 3(c) and 3(d) were calculated for B → πω decays. They are found to be twist-4 and vanishing.
In addition, significant effects were found due to the three parton Fock state of the π in the B → πω decays. Since they are dominated by soft gluons, it is better determined by QCD sum rule. As shown in [46] , in the Euclidean region of (p + q) 2 , the relevant contributions are from the twist-3 and twist-4 three parton LCDAs of the π. As mentioned before, we identify these power corrections as non-partonic ones. From the theoretical point of view, we suggest that the partonic and non-partonic power corrections should be distinquished under the QCD factorization, although they may be equally important in phenomenology.
For comparison, we employ the replacing rules for the a i coefficients [46] to account for the three parton effects from the M 1 meson. The rule is
where i = 1, · · · , 5, and C i are the Wilson coefficients calculated at the scale µ h = 1.45 GeV, and f 3 = 0.12, which is assumed to be universal. With these three parton corrections, the predicted CP averaged branching ratios forB → πK in units of 10 
which becomes smaller than those predictions in Eq. (94). 
